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In order to test the hypothesis that there are ultrastructural and supramolecular differences between fetal and adult erythrocyte membranes that are manifested in their functional characteristics, the cells were studied by freeze-etching and transmission microscopy and biochemical methods. Freeze-etching and transmission electron microscopy of fetal erythrocyte membranes showed that the protoplasmic and exoplasmic fracture faces have 24% and 45% greater intramembrane particles respectively compared to adult cells (p < 0.01). The apparent diameters of the intramembrane particles estimated on the exoplasmic fracture face averaged as follows: 4.84, 7.74, 11.42, and 15.64 nm, which are similar to estimates in adult cell membranes, suggesting similar dimensions for the presumptive glycoprotein structures in the fluid mosaic complex of the cell membranes. The average total cholesterol, phospholipid, and protein content per fetal erythrocyte ghost as well as ratios of protein/lipid, protein/ cholesterol, and protein/phospholipids were all significantly greater than in the adult ghost (p < 0.01). Analysis of fetal and adult ghost proteins by sodium dodecyl sulfate-polyacrylamide gel electrophoresis showed similar aualitative and auantitative polypeptide and glycopeptide bands kxcept for the intense appearance of bands 4.5 and 8 in the fetal samples. Polypeptide chains per ghost membrane were significantly greater in fetal ghosts than in adult ghosts. However, the molar ratios of the major polypeptides relative to band 3, the predominant protein in the ghost membrane, are comparable for the two cell types except for bands 4.5 and 8. These findings suggest that the molecular characteristics of the erythroid plasma membrane vary with the developmental age. -- 30) . nol lase i n d phosphoglycerate kinase, for example, have disproportionately high activities, whereas phosphofructokinase is relatively deficient (29) . Immunologically, the Lewis system A and B antigens are incompletely expressed, and the I antigen is also weakly developed (26) . RBC membrane permeability to water, glycerol, and thiourea is significantly less in fetal cells (3, 28, 4 1 ). Interference contrast microscopy shows a high percentage of pits or craters on the fetal RBC surface (16) , which appear in the transmission electron microscope as vacuoles immediately beneath the cell membrane (4). Other studies (14) have demonstrated significant vesiculation (25.5%) in circulating RBCs of neonates compared to the mother's (5.5%). Furthermore, Schekman and Singer (33) have shown that concanavalin A, but not succinyl-concanavalin A, is engulfed by endocytosis in fetal RBCs, resulting in intracellular vesiculation. No such response was noted for adult cells. The objective of the present studies is to test the hypothesis that the functional differences of fetal erythrocyte membranes are reflected in their ultrastructural and macromolecular characteristics. Abstracts of this study have been published elsewhere (1 9,20).
MATERIALS AND METHODS
Source of blood samples. Human fetal blood samples were withdrawn from the placental side ofthe umbilical cord following normal delivery of human fetuses. Fetal blood was from normal, healthy pregnancies and the neonates were full-term infants. Adult blood was donated by healthy laboratory personnel who were free from any hematologic abnormalities. Analysis of red cell indices and reticulocyte counts showed typical values as reported in the literature (30) (data not shown). Appropriate informed consent was obtained for this study.
Freeze-etching and transmission electron microscopy. Freezeetching of erythrocyte membranes was canied out in a Balzers 300 Ultrahigh vacuum device by the method of Moor and Muhlethaler (27) . The washed erythrocytes were cryoprotected in 25-30% glycerol medium. Droplets of thick cell suspension were then pipetted onto gold discs and frozen in liquid Freon (dichlorodifluoromethane) (-150°C) and then stored in liquid nitrogen. The frozen specimens were then transferred onto the freeze-etching microtome stage and the chamber was evacuated to tom. The specimen was fractured by a single stroke or multiple chips using the cold (-100°C) microtome knife, and then sublimated (deep-etched) for about 2 min. A replica was obtained by evaporating platinum and carbon onto the fractured surface for 5 sec at a 45' angle, followed by carbon coating for 10 sec. The specimen was removed from the device, the replica was floated in buffered 30% glycerol or water, cleaned of cellular debris in 70% sulfuric acid (1-2 h), in dilute sodium hypochlorite (20-30 min) and distilled water (30 min). Replicas obtained were placed on 100-mesh copper grids and examined in an AEI EM801 or JEOL JEM lOOB electron microscope. Images were photographed at X 10,000-40,000. Higher magnification was obtained during printing of the negatives.
Quantitation of intramembrane particle size and density. Micrographs of the flat areas of replicas were used for counting of IMPs and the measurement of their sizes. Negatives were printed at a final magnification of x 100,000 for both particle size and counts. The accuracy of the magnification was checked periodically with a grating replica standard (E.F. Fullam Co., Schenectady, NY). A standard morphometric grid pattern (designed from a regular centimeter graph paper, 2 1.6 x 27.9 cm) (1 square = 1 cm2) with X and Y coordinates was placed on the photographic paper during the enlargement phase of the printing. IMPs were counted on positives, locating their X-Y coordinates to eliminate the possibility of counting or measuring the same particle twice. The size of the intramembrane particles was measured with a calibrated ocular micrometer fitted to a dissecting microscope. They were measured across their "diameters" in a direction perpendicular to the direction of shadowing to the nearest 0.1 mm. Only particles on the EF face were used for the particle size analysis because of their individual distinctness. Several hundreds of IMPs were counted for both the PF and EF faces of fetal and adult specimens (see "Results") using six and 10 test fields (2 1.6 x 27.9 cm) for both specimens, respectively. Specimens were obtained from the cells of two fetal and six adult donors. Because of technical difficulties in obtaining the same size for the different test fields, a few whose dimensions were less than stated above were also included in the counting and sizing of IMPs. The IMP estimates from the respective fracture faces were then pooled from all the test fields for statistical evaluation. Intramembrane particle size measured from freeze-fracture micrographs is probably related to the size of shadowed membrane proteins. Therefore, relative changes in particle size determined by this method probably reflect relative size of the glycoproteins. Accordingly, a correction suggested by Lessin et al. (22) was used in the calculation to account for the distortion produced by the replication process.
Preparation of "hemoglobin-free" erythrocyte membranes. Hemoglobin-free erythrocyte ghost membranes were prepared at 4°C as described by Dodge et al. (8) . In order to compare the amount of residual hemoglobin in fetal and adult erythrocyte ghost, washing conditions were maintained identically, using stroma to washing buffer ratio of 150. Residual hemoglobulin in the ghost was estimated by polyacrylamide gel electrophoresis as described below.
Determination of total lipid, cholesterol, and phospholipid. Total membrane lipids were extracted from thoroughly washed erythrocytes using isopropano1:chloroform (1 1:7, v/v) mixture according to the method of Rose and Oklander (32) . The extract was evaporated to dryness under gaseous nitrogen and redissolved in isopropanol. The lipid solution was then divided into three fractions and used for the separate determination of total lipid, cholesterol, and lipid phosphorus.
The isopropanol extract for cholesterol assay was treated with Zeolite mixture to remove phospholipids, glucose, bilirubin, and certain other substances which interfere with the sterol determination. The supernatant extract was then mixed with Liebermann-Bruchard reagent, and the concentration of cholesterol was determined calorimetrically at 620 nm by the method of Abdell et al.
(1) using the Autoanalyzer I1 (Technicon Instruments Corp., Tarrytown, NY).
Total lipid was determined gravimetrically after evaporation of the solvent and drying the test tube overnight in a desiccator containing anhydrous CuS04.
Lipid phosphorus was determined on the isopropanol extract by (i) evaporating the solvent to dryness under nitrogen atmosphere, (ii) preparing a Folch extraction mixture (chloroform:methanol, 2: 1, v/v) (1 I), (iii) digestion of the phospholipid to inorganic phosphate in 19 M H2S04 at 150 to 160°C and discoloration of the digested mixture with 30% HzOz, and (iv) analysis of the inorganic phosphate by the method of Bartlet (2).
Assay of protein content ofghost membranes. Protein content of the hemoglobin-free ghost membranes was assayed by the method of Lowry et al. (23) using bovine serum albumin as a standard. Membrane preparations were dissolved in 0.06% SDS in 20 mosm phosphate-buffered saline, pH 7.6. The standard albumin solutions contained the same concentration of SDS.
Sodium dodecyl sulfate-polyacrylamide gel electrophoretic analysis of membrane proteins. The general procedure was that of Fairbanks et al. (10) . Gel polymerization followed the chemical procedure of Davis (7). Concentrated stock solutions and their order and proportions for mixing into the final form were the same as described elsewhere (1 0). Molecular weight markers for the calibration of the gels were horse heart cytochrome c (12,500), bovine pancreas chymotrypsinogen A (24,700), hen egg albumin (45,000), bovine serum albumin (68,000), and rabbit muscle aldolase monomer (40,000) (Boehringer Mannheim GmbH Biochemica, Indianapolis, IN). Densitometry was performed at 560 nm on the stained gels using Beckman Acta I11 Spectrophotometer with split width of 0.1 mm.
Determination of residual hemoglobin in ghosts. The small quantities of hemoglobin remaining in ghost membranes were determined by polyacrylamide gel electrophoresis in SDS. The gels were stained with Coomassie brilliant blue and the intensity of the protein (hemoglobin monomer) was determined by densitometry. The proportion of hemoglobin monomer was calculated as percentage of the area under the densitometric scans and the amount of protein it represents calculated from the total protein per ghost. Therefore, the absolute hemoglobin per ghost is given by: mg of Hb/ghost = (protein/ghost) X (% Hb protein) and moles of Hb/ghost = mg of Hb/ghost/64,000 daltons, where protein per ghost was from protein assay on a fixed volume of ghosts and the mean corpuscular volume of the cells. Ghost hemoglobin was also expressed as a percentage of the mean corpuscular hemoglobin.
Statistical methods. Statistical analysis of data utilized Student's t test performed on a Canon 167P-1 1-16 14P programmable calculator (6) .
RESULTS

Observation on fieeze-etched intact erythrocyte membranes.
Freeze-etch electron micrographs of the replicas of intact erythrocyte membranes revealed (a) a granular and fibrillar cytoplasmic space, (b) split bilayer halves or lamellae of half-membranes studded with particles of varying size, and (c) an extracellular glycerol-buffer eutectic which appeared uniformly rugged (Fig.   1 ).
The split "half-membranes" or "bilayer halves" contain the numerous IMPs. The IMPs on the PF appear as relatively homogeneous in size and are closely arrayed. By contrast, IMPS on the EF are heterogeneous in size and shape. Besides the heterogeneity of the particle population on the EF, there are granulofilamentous and fibrillar structures on this face of the cell membranes (Fig. IB) . Similar structures have been described previously for adult cell membranes (38) , and confirmed in this study. However, a closer inspection of these fibrillar structures on the EF of fetal membrane suggest that (a) they are more numerous, (b) some are in contact with IMPs, (c) they have variable sizes and some appear to emerge or be buried within the relatively smooth ground matrix, (d) in some areas of the micrograph the filaments appear reticular, and (e) in other areas they extend to or from the juxtacytoplasmic phase of the bilayer. The filaments measure approximately 5.0 to 8.0 nm in diameter, and 50 to 70 nm in length. The lack of complementary component structures or grooves on the PF of the membrane has made it difficult to interpret these structures. Figure IC illustrates a micrograph of the fracture faces of adult erythrocyte membranes compared to that of the fetal erythrocyte (Fig. 1, A and B) .
Quantitation of intramembrane particles. Quantitation of particle distribution of the membrane PF and EF of fetal and adult red cells indicate different particle density counts for the two cell (Table 1 ). The latter is based on the microscopic estimation that the mean surface area of adult cells at physiological pH and osmolality is approximately 135 lLm2 (9, 35) , and that for fetal erythrocytes is 170 rm2 (5) .
Because of the wide range of distribution of the diameters of IMPS estimated on the EF, they were arbitrarily classified into the ranges 4.0 to 5.9, 6.0 to 9.9, 10.0 to 13.9, and 14.0 to 17.9 nm for the purpose of comparing fetal and adult membranes. Few IMPs, less than 1 % of the total, had diameters exceeding 18.0 nm. These were not considered with the above categories. The corrected diameter of the particles on the EF face were averaged as follows, respectively: fetal membranes, 4.84 f 0.00 1, Since IMPs are integral proteins, as the evidence suggests, it is relevant to relate them to the cell surface area. A particle estimated on the EF may occupy an area of x? in the plane of the membrane, where r is the radius of the IMP. The IMPs per cell of each of the categories above were then evaluated, and the total area in the plane of the membrane was calculated. Summation of the membrane area occupied by IMPs in all categories yielded the area of all IMPs of the EF face in the plane of the membrane (i.e. E x ? x total IMPS in EF). For fetal cell membranes, the total IMPs may occupy an area in the EF of approximately 4.07 x lo7 nm2, and for adult cell membranes 2.24 X lo7 nm2. Expressing these figures as percentages of the cell surface area give the following results: fetal cells, (4.07 x 107nm2/1.70 X 108nm2). 100 = 23.9%; adult cells, (2.24 x 107nm2/1.35 X 108nm2). 100 = 16.6%. Considering the limitations of these estimates, the data only suggest that the relative proportions of IMPs on the EF of fetal and adult erythrocyte membranes are different, and has no relation on absolute areas of the bilayer occupied by IMPs. Similar calculations were attempted for IMPs on the PF; however, because of the difficulties of estimating their "diameters," the results are not included in this report.
Lipid and protein content offital erythrocyteghost membranes.
Determinations of total lipids, phospholipids, cholesterol, and proteins of erythrocyte ghost membranes are shown in Table 2 .
Significant differences ( p < 0.01) for fetal and adult membranes were noted when the data were expressed as milligrams per cell as previously reported (30 
Residual hemoglobin of ghost membranes. Analysis of mem-
brane hemoglobin by SDS-PAGE and quantitative densitometry showed that fetal ghosts contained greater hemoglobin than adult ghosts. Fetal ghosts contained 0.14 x lo-'' g hemoglobin protein/ghost (2.50 X IO-l9 mol/ghost) or about 0.39% of the mean corpuscular hemoglobin. Adult ghosts, on the other hand, contained 0.087 x 10-l3 g hemoglobin protein/ghost (1.36 x mol/ghost) or approximately 0.30% of the mean corpuscular hemoglobin ( n = 13, p < 0.1). This method of determining ghost hemoglobin, unlike others (8, 36, 37) , has the added advantage that the residual hemoglobin is analyzed in the same experiment as the ghost membrane proteins.
Electrophoretic fractionation of ghost proteins. Fractionation ofghost proteins by analytical polyacrylamide gel electrophoresis, containing 0.5% SDS demonstrated a consistent pattern of Coomassie blue-stained protein bands with a characteristic distribution between the anodal and cathodal ends of the gel. Figure 3 illustrates the results obtained on ghosts of fetal erythrocytes. Adult control gel electropherograms revealed similar distribution of the protein and glycoprotein bands when the same amount of proteins, as with the fetal ghosts, were electrophoresed. The Coomassie blue-stained gels consisted of about eight well resolved protein bands which have been labeled according to the system originally proposed by Fairbanks et al. (10) and Steck (34) . There were also several minor bands which could only be seen when the gels were illuminated from below and scrutinized in detail. The intensity of these minor bands was variable and so the total number of protein bands may be 20 to 30. The intensity of the minor bands was affected by changes in the conditions of the electrophoresis. The intensity of the bands between 2 and 3 and 4.2 and 5 appeared to be sensitive to the preparation of membrane, namely ratio of lysing buffer to cells, number of times the ghosts were washed, presence or absence of the "cream-colored button," and amount of protein loaded on the gels. The concentration of SDS in the reduction reaction also influenced the resolution of these bands. Band 4.5, for example, appeared as two distinct bands embedded in a rather diffuse background which tended to obscure its distinctness. This is evident from the densitometric scans (data not shown). Band 4 appeared as a doublet when the SDS concentration of the gels and the electrophoresis buffer was 0.5% or less. Bands 7 and 8 were as intense as shown in Figure 3 in fractionations with 0.5% or less SDS in the gels and buffer. The intensity of the globin band was directly related to the number of times the ghosts were washed in suspension. When the protocol for membrane preparation described above was adhered to, the intensity of all bands was consistent and globin band intensity was relatively faint and constant. Fig. 3 . Electropherograms of adult (a) and fetal (b) erythrocyte ghost proteins fractionated in SDSpolyacrylamide gels. Ghosts were dissolved in 1% SDS, 30 mM dithiothreitol, and buffer, incubated at 3TC, 45 min, and electrophoresed as described in "Materials and Methods." 30 (Coomassie blue stains) and 90 pg (PAS stains) of ghost protein were loaded on each gel for the analysis of polypeptides and glycopeptides, respectively. The gels were stained with Coomassie blue (CB) for the polypeptides and PAS for the glycopeptides.
The glycosylated proteins are made visible by the PAS staining technique (Figure 3) . The three major PAS-positive bands were designated PAS-I, PAS-2, and PAS-3 according to the nomenclature of Fairbanks et al. (10) . A fourth rather faint band, migrating between PAS-1 and PAS-2, was found in all membrane preparations. It was most apparent in heavily overloaded gels and showed variable distinctness among ghosts of different individuals, but the latter aspect was not studied any further.
Quantitative densitometry. Quantitative densitometry of the Coomassie blue-stained gels at 560 nm showed that the most distinctly stained bands, 1, 2, 3,4.1,4.2, 5, 6 , 7, and 8, comprise over 75% of the total integrated intensity of the band areas (Table  3) . Differences between the proportions of the various protein bands were not statistically significant among the fetal and adult membrane proteins, except for differences in bands 4.5, 8, and globin.
The gels stained for polysaccharides with PAS stain and scanned at 560 nm show the relative abundance of PAS-I, PAS-2, PAS-3, and PAS4 in the protein preparation (Table 3) . No significant differences were noted between fetal and adult sialoglycoprotein bands. PAS-I and PAS-2 contain approximately 75% of the stain intensity.
Calculations based on the amount of protein per ghost, the relative abundance of Coomassie blue-stained proteins in the gels, and the number of molecules per mol of protein (6.023 x lO2')'allowed estimation of the number of polypeptide chains per ghost for the major polypeptide bands (Table 3) . Despite the differences in the number of polypeptide chains per ghost between fetal and adult samples, the molar ratios of the polypep tides are of the same magnitude except for bands 4.5 and 8. The molar ratios have been estimated relative to band 3, which is the most abundant polypeptide found in the red cell ghosts.
DISCUSSION
Transmission electron microscopy of replicas of freeze-etched fetal erythrocyte membranes revealed hydrophobic domains of the lipid bilayer studded with IMPs of varying diameters. Independent assessment of IMP density revealed that the PF and EF of fetal RBC membranes have 24 and 45% greater IMPs, respectively, compared to the adult cells. Accordingly, the estimated IMP density per cell, based on the cell surface area, is significantly greater in fetal cells ( p < 0.0 1). Kelley and Skipper ( 1 7) have also reported that membranes of human embryo fibroblasts exhibit more particles on their PF than corresponding membrane halves from aged cells. In contrast, the EF of cells from aged individuals have significantly more particles than corresponding faces of cell membranes from younger individuals. Other studies (1 5) on developing corneal fibroblast cell membrane show that IMP density on the PF decreases from 756 to 534lPmz from day 6 to day 14. Furthermore, the cell membranes of the terminally differentiated, highly compacted fibroblasts are rich in IMPs (1 3,000/pm2). Taken together, these observations (1 5, 17) suggest that cell membranes alter their ultrastructural properties during aging. The apparent diameters of the IMPs estimated on the EF face are the same in both fetal and adult erythrocyte membranes. Previous studies (2 1, 25) have estimated IMP diameters on the fractured faces as 8.0 to 10.0 nm. However, we have observed great variability in IMP sizes, and statistical evaluation of the data confirm this viewpoint. There are also distinct granulofibrillar structures in the EF in most of the membranes. Since there are no complementary grooves on the PF, McNutt (25) suggests that the filamentous structures on the EF arise by plastic deformation of cytoplasmic filaments which are firmly attached to the plasma membrane. Experimental evidence supporting this view comes from the work of Willison (40) , who noted that the amount of plastic deformation of a protein depends on the orientation of its bonding forces relative to the fracture plane.
The higher average proportion of total lipid, cholesterol, phospholipid, and total protein per fetal erythrocyte correlates well with the greater mean corpuscular volume. Other investigators (12) who have fractionated the phospholipids of fetal and adult erythrocytes have demonstrated relatively more sphingomyelin, combined phosphatidylserine and phosphatidylinositol, and less phosphatidylcholine and phosphatidylethanolamine in fetal cells. Polyacrylamide gel electrophoresis ofghosts showed similar qualitative and quantitative protein and glycoprotein bands except for the distinct appearance of bands 4.5 and 8 in the fetal ghosts. No variation in the electrophoretic mobility of fetal ghost proteins in the SDS-gels, which might suggest different molecular sizes, could be discerned. Nonetheless, individual protein species may have different primary structures and hence carry different charges. In this regard, it is noteworthy that Kohler et al. (18) have shown differences in the amino acid composition and antigenicity of the cytoplasmic fragment of band 3 from ghosts of different individuals suggesting genetic polymorphism. The PAS-staining bands (glycoproteins) were also identical in the fetal and adult cells, supporting other studies (24) in which the electrophoretic mobility of fetal and adult red cells and also the concentration of N-acetylneuraminic acid were similar. Quantitative densitometry of the gels and calculations of the number of total polypeptides per ghost showed that fetal ghosts contain greater numbers of polypeptides than adult erythrocyte ghosts. When the molar ratios of the individual protein bands per ghost were expressed relative to band 3, the most abundant protein, the ratios were the same for most of the polypeptides in both fetal and adult ghosts, except for bands 4.5 and 8, which are greater in fetal ghosts. The increased membrane hemoglobin of fetal cells indicate greater difficulty in removing hemoglobin by osmotic lysis of fetal cells, perhaps due to greater affinity of fetal hemoglobin to the cytoplasmic half of the bilayer. This observation also reflects possible inherent structural difference between fetal and adult membrane which would require further investigation. These results suggest that macromolecular assembly of proteins and lipids in the fluid mosaic complex of fetal erythrocyte membranes has unique characteristics that are reflected in the ultrastructural and membrane biochemistry. It is therefore interesting to note that concanavalin A receptors in the membranes of human fetal erythrocytes show a restricted degree of lateral mobility, whereas the adult erythrocyte membrane receptors are essentially immobile (33) . These membrane characteristics probably influence the functional properties of the membrane proteins, and may explain some of the reported features of fetal erythrocytes.
